Unprotected O-acylated serine and O-acylated threonine isopeptides have been synthesized, and their conversion to native tripeptides and tetrapeptides by O-to N-terminus transfer investigated. Ligations involving 8-and 11-membered cyclic transition states are shown experimentally and computationally to be more favorable than intermolecular cross-ligations.
Introduction
The crucial importance of peptides in biological systems and their potent therapeutic activity [1] [2] [3] [4] has increased the demand for efficient preparative methods. Synthetic access to proteins allows changes to be made in their covalent structure and enables specific labelling of a protein.
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Merrifield's linear solid-phase peptide synthesis (SPPS) is commonly used in polypeptide synthesis 9 but, linear SPPS of a large polypeptide can be tedious and costly. Thus, techniques to achieve convergent synthesis from smaller polypeptide fragments are critical in terms of reducing the production costs of peptide therapeutics and the synthesis of proteins. [5] [6] [7] Chemoselective ligations are increasingly the 'key to the success' of protein synthesis. [10] [11] [12] [13] Native chemical ligation (NCL), uniquely joins two unprotected peptide segments chemoselectively and regioselectively to afford a native peptide bond. 5, 7 As reported in 1953 by Wieland et al. 8 NCL can join two peptide fragments through a thioester transesterification step followed by an intramolecular rearrangement involving an S-to N-acyl transfer via a cyclic 
Study of the feasibility of O→N acyl migrations via 8-membered cyclic transition state
The O-to N-acyl migration for monoisotripeptides 5a-g were studied under microwave irradiation in piperidine-DMF (20 v/v%), 50 °C, 50 W, 1 h to generate native peptides. Anhydrous conditions were chosen to minimize ester hydrolysis. HPLC−MS indicated the formation the ligated products 6a-g along with the bis-acylated product 7a-g. The results show that the nature of amino acids used has a profound effect on the yield of ligated product (Scheme 2, Table 2 ). The desired O-to N-acyl transfer migration was only successful for of 5a-c, e. The retention times and fragmentation patterns of starting material and ligated products were also studied in control experiments (HPLC−MS of pure monoisotripeptide). Thus HPLC−MS, via (−)ESI-MS/MS, confirmed that compounds 5a-c, e have different fragmentation patterns than 6a-c,e proving the formation of the intramolecular ligated product.
The effect of O-to N-acyl transfer rearrangement using serine versus threonine for the same amino acid sequence was noted, with a 57% yield of native peptide 6a (L-Ser) but none from 6f (L-Thr). Microwave irradiation for 18 h at 50 o C, 50 W in piperidine-DMF (20 v/v%) did not alter 5g significantly and gave no 6g. The addition of salt, such as NaCl, and microwave irradiation 5g in piperidine-DMF 20 v/v%, 70 °C, 50 W for 10 h ineffective in the formation of 6g. Scheme 2. Acyl migration of O-acyl isotripeptides 5a-g. Table 2 . Chemical ligation of O-acyl isotripeptides 5a-g
Entry
Reactant 5 Ligated product 6 (%) a Bis-acylated 
Computational rationalization
Conformational preorganization has been shown 27 to be important for internal ligation. In previous publications 20, 23 we have demonstrated this principle and shown that sterically hindered and thus poorly preorganized isopeptides gave lower yields.
The reactivity of O-acyl isopeptides 5a-g also varies with the protecting group and the nature of amino acid adjacent to the protecting group. To rationalize the reactivity patterns of 5a-g, a previously developed computational protocol 27 were applied, which included a full conformational search and virtual screening based on a purposefully defined scoring function. This function b(N-C) is the geometrical distance between the amine nucleophile and the target ester carbon atom. Conformational searches were performed using the MMX force field (as implemented in PCModel v.9.3 software). The b(N-C) values are given in Table 3 for all the isopeptides. Generally the scoring function values are in qualitative but not perfect agreement with the yields. This can be explained by the presence of additional degrees of freedom. By analyzing the preorganized structures we found that the nucleophilic attack can be attenuated by hydrogen bond contact between one of the amino group protons and the oxygen atom belonging to the target carbonyl group. These contacts are characterized by bond separations b(H-O), which are also listed in Table 3 . There is a clear relationship between the yield and the hydrogen bond strength characterized by b(H-O): the shorter the b(H-O) the lower the yield. The preorganized structures of 5b and 5f are shown in Figure 1 : structure 5f forms a distinct hydrogen bond contact (designated with a dashed line) both in terms of b(H-O) and the N-H-O angle, whereas 5b is definitely not in a hydrogen bond configuration, since the NH bonds face away from the acceptor atom ( Figure 1 values. This NH…O=C is not the only contact that can alter the reactivity: the optimized isopeptide structures disclose additional hydrogen bond contacts capable of locking the structure in an unfavorable conformation. Such conformationally locked structures were found for 5c-g. The locking hydrogen bonds were characterized not only by bond separations, but also by the H-A…D angles (where A and D stand for acceptor and donor, respectively) are listed in Table 3 . Table 3 suggests that hydrogen bond contacts are particularly strong in structures 5c,d,f. Apparently, such hydrogen bond may be supportive, as, for example, in 5c, which locks the structure in a favorable conformation, but this is not always the case, as evident from the zero yields found with 5d and 5f.
Replacement of Ser by Thr clearly reduces reactivity. This can be deduced by comparing the yields of the target product 6a-g in 5a against 5f (57% vs. 0) and 5e against 5g (8% vs. 0). In conformational terms, it follows that the Thr methyl group (absent in Ser) drives the N-terminus slightly farther away from the target carbonyl, which is confirmed by larger b(N-C) values in 5f,g compared with 5a and 5e, respectively.
Evidently, the preorganization of the starting O-acyl isotripeptides is an important factor in Figure 1 . Putative NH…O=C hydrogen bond contact in preorganized structure 5f (right); no hydrogen bond in 5b (left). Table 3 . Structural characteristics of preorganized conformers 5a-g Table 4 ) under basic conditions (piperidine 20 v/v% in DMF, MW 50 °C, 50 W, 1 h for 9a and 1 h, 3 h, and 6 h for 9b). Unlike the challenges of steric hindrance and poor organization for binding eight-membered cyclic transition state, the expanded eleven transition state afforded O-to N-acyl transfer to give the desired native peptide 10a. However, threonine remained a challenge in both eight and eleven ring transition states. HPLC-MS showed the formation of the expected intramolecular ligated products 10a. The retention times and fragmentation patterns of 9a was studied by control experiments (HPLC-MS of pure 9a). Different fragmentation patterns in HPLC-MS, via (−)ESI-MS/MS, were found for 9a and 10a, each of MW 466. In addition, product 10a was isolated and its structure further confirmed by HRMS. The ligation of 9a (eleven transition state) under aqueous conditions (pH 7.6, 1 M buffer strength, MW 50 °C, 50 W, 1 h). HPLC-MS gave a small amount of the corresponding ligated product 10a, together with a major peak having MW 366 corresponding to the removal of the Boc-group either from 9a or from the ligated product 10a. 
Conclusions
In summary, the chemical ligation of peptides affording O-acyl isopeptides occurs successfully without the use of cysteine or an auxiliary group. However, conformation preorganization of such peptides is critical for successful O-to N-acyl transfer to afford the corresponding native peptides.
Experimental Section
General. Melting points were determined on a capillary point apparatus equipped with a digital thermometer and are uncorrected. NMR spectra were recorded with TMS for 1 H (300 MHz) and 13 C (75 MHz) as an internal reference. Starting materials are available commercially and used without further purification. Reaction progress was monitored by thin-layer chromatography (TLC) and visualized by UV light. Elemental analyses were performed on a Carlo Erba EA 1108 instrument. HPLC-MS analyses were performed on reverse phase gradient Phenomenex Synergi Hydro-RP (C18): (2 x 150 mm; 4 um) + C18 guard column (2 x 4 mm), wavelength = 254 nm; flow rate 0.2 mL/min; and mass spectrometry was done with electro spray ionization (ESI). General procedure for the preparation of O-acyl isopeptides 4a-g. Compound 3 (1.0 mmol) was added to a solution of N-(Pg-α-aminoacyl)benzotriazoles (1.0 mmol) (1.0 mmol) and DIPEA (3.0 mmol) in MeCN (20 mL) at room temperature and stirred for 12 h. MeCN was evaporated and the residue dissolved in EtOAc (50 mL) and washed with 2 N HCl (3 x 50 mL). The organic portion was dried over anhyd. Na2SO4, filtered and concentrated to give 4a-g. N-(((Benzyloxy)carbonyl)-L-phenylalanyl)-O-((tert-butoxycarbonyl) General procedure for the preparation of unprotected O-acyl isopeptides 5a-g For deprotection of the Cbz-protecting group. Compound 4a-d, 4f and 4g (1.0 mmol) was dissolved in anhydrous MeOH (30 mL) and stirred under an atmosphere of hydrogen in the presence of a catalytic amount of Pd/C for 4 h. Filtration through a bed of celite and evaporation afforded 5a-d, 5f and 5g. Compound 4f was deprotected and used as crude to make compound 8b. For deprotection of the Boc-protecting group. Compounds 4e and 4h (1.0 mmol) was dissolved in either HCl-dioxane (4.0 M HCl in dioxane, 15 mL) or freshly prepared HCl-MeOH (prepared by bubbling HCl in MeOH) (15 mL) and stirred for 2 h. Solvent is evaporated, and ether was added to the residue and stirred for 2 h. Filtration gave a white solid 5e and 5h (when sticky solid resulted, decantation of ether several times was performed instead). -butoxycarbonyl) N-((Benzyloxy)carbonyl)glycyl-L-alanyl-O-((tert-butoxycarbonyl) 
General procedure for the preparation of dipeptides (3a-e). N-(Pg-α-

N-(((Benzyloxy)carbonyl)-L-phenylalanyl)-O-((tert-butoxycarbonyl)glycyl)-L-serine (Cbz-LPhe-L-Ser(Boc-Gly)-OH, 4a
N-(((Benzyloxy)carbonyl)-L-alanyl)-O-((tert-butoxycarbonyl)-L-phenylalanyl)-L-serine (Cbz-L-Ala-L-Ser(Boc-L-Phe)-OH, 4b
N-(((Benzyloxy)carbonyl)-L-alanyl)-O-((tert-butoxycarbonyl)glycyl)-L-serine (Cbz-L-Ala-LSer(Boc-Gly)-OH, 4c
N-(((Benzyloxy)carbonyl)-L-alanyl)-O-((tert-butoxycarbonyl)-L-valyl)-L-serine (Cbz-L-Ala-L-Ser(Boc-L-Val)-OH, 4d
O-(((Benzyloxy)carbonyl)-L-alanyl)-N-((tert-butoxycarbonyl)-L-phenylalanyl)-L-serine (Boc-L-Phe-L-Ser(Cbz-L-Ala)-OH, 4e
N-(L-Phenylalanyl)-O-((tert
N-(L-Alanyl)-O-((tert-butoxycarbonyl)-L-phenylalanyl)-L-serine (L-Ala-L-Ser(Boc-L-Phe)-OH, 5b
N-(L-Alanyl)-O-((tert-butoxycarbonyl)-L-valyl)-L-serine (L-Ala-L-Ser(Boc-L-Val)-OH, 5d
N-(L-Phenylalanyl)-O-(((benzyloxy)carbonyl)-L-alanyl)-L-serine (L-
-L-phenylalanyl)-L-serine (Cbz-Gly-L-Ala-L-
